A study of the charging and discharging characteristics of a typical geosynchronous satellite experiencing time-varying geomagnetic substorms, in sunlight, is conducted. The NASA Charging Analyzer Program (NASCAP) is used. An electric field criteria of 1.5x105 volts/cm to initiate discharges and transfer of 67% of the stored charge is used in this study, based on ground test results. The substorm characteristics are arbitrarily chosen to evaluate effects of electron temperature and particle density (which is equivalent to current density). It has been found that while there is a minimum electron temperature for discharges to occur, the rate of discharges is dependent on particle density and duration times of the encounter. Hence, it is important to define the temporal variations in the substorm environments.
Introduction
Since the late 60's, geosynchronous satellites have been experiencing encounters with geomagnetic substorms-plasma clouds in the magnetosphere. The available information on the geomagnetic substorm environment is based primarily on data from the ATS-5 and -6 Auroral Particles Experiments.1-4,8 A study of these data indicates a number of factors which must be considered in any evaluation of spacecraft performance. First, particle energies and current densities are not constant over the substorm period. This is illustrated by the January 2, 1970 substorm shown in figure 2. Second, there is a large variation in substorm duration and intensity (as indicated by the variation in the charging measurements on ATS-5 and -6). Third, the electron current density is low when the average electron temperature is high. Conversely, the electron current density is high when the average temperature is low. Finally, the relationship between the electron and proton average energies and current densities is relatively linear with the proton energies being twice the electron and the proton current density 1/50 the electron.
For this study, two categories of substorms are defined (see fig. 3 ). Category I has a mild intensity with an electron temperature of 5.6 keV, proton temperature of 14 keV two plasma densities are specified: 0.2 cm-3 in the first or low density case and 0.6 cm-3 in the high density case. This environment profile is 2400 seconds in low density conditions, 800 seconds in a cold plasma (1 eV temperatures for both electrons and protons and 5 cm-3 plasma densities), 2400 seconds at the high density, followed by 700 seconds in the cold plasma again (see fig. 3(a) ). Category 2 environment is arranged in 30 minute steps at 8, 4, 6, and 3 keV electron temperatures (see fig. 3(b) ).
This could simulate a double peaked variable substorm as shown by the dashed line in the figure. Proton temperatures are all twice the electron temperatures. A low density and high density case are also used in this category. For all environments sunlight is assumed to be fixed at the 270 incidence to the solar array. All computations are made at a 100 second time interval.
Computational Results

Category I Substorm
In this phase of the analysis, the satellite is exposed to a substorm of moderate intensity The purposes of these computations are to compare the predicted response of the satellite ground potential to the ATS-6 measured potential in the same intensity and particle density as the first substorm and second, and to evaluate the effects of increasing the density.
The time history of the satellite ground and voltage of a typical shaded Teflon surface on the thruster side of the spacecraft is shown in figure 4 (a). The predicted behavior of the solar array wing is shown in figure 4 The second phase of this substorm caused the spacecraft ground to be driven to -1700 volts in the 40 minute substorm encounter. The higher particle density also makes the spacecraft differential charging more severe. The shaded Teflon charged to about -3100 volts or to a 1400 volt differential. This is close to breakdown according to the criteria used. If the substorm encounter were longer or the particle density
The limitation of the differential charging observed in these calculations appears to be due to the limitation of photoemission from the sunlit surfaces. It has been observed that, in three-dimensional analysis of charging of objects in sunlight, that the large voltage fields from the shaded insulators can expand around the object and limit photoemission from the sunlit surfaces.40 This effect seems to exist here and, since the ground potential predicted agrees with the ATS-6 data, it appears to be real.
Category 2 Substorm
In this part of analysis, the satellite is exposed to a substorm that reaches two peaks of intensity. The purpose of studying this type of encounter is to determine the effect of precharging satellite surfaces prior to the second substorm peak. Two different particle densities were used in this evaluation to determine rate effects (see fig. 3 for substorm characteristics). The Low density case. - The spacecraft ground charges to about -1800 volts during the 8 keV electron temperature step in the substorm, continues to charge negative for about another 300 seconds after the substorm intensity relaxes to 4 keV electron temperatures. During the second peak intensity (6 keV electron temperature), the spacecraft ground is driven to about -2500 volts. When the substorm intensity again is reduced, the ground potential falls off to about -1200 volts.
After the 3 keV encounter, it is assumed that the satellite moves into a cold plasma environment and is neutralized.
The shaded Teflon surface, charges up rapidly in the first substorm peak and between 900 and 1000 second, the differential voltage exceeds the breakdown criteria and a discharge occurs. After the discharge transferred the required amount of charge to the conductor beneath (and subsequently reduced the surface voltage), the charging of this surface began again at a slightly higher rate than previously experienced. The Teflon surface responds more rapidly to the environment change than the spacecraft ground. The surface remains negatively charged during the 4 keV phase of the substorm and responds rapidly to the next increase in electron temperature (to 6 keV). Differential charging builds up rapidly again so that a discharge occurs between 400 and 500 seconds after the transition to the second peak. A second discharge occurs 1200 seconds after the first. The figure 7(d) . Thereafter, the voltage profiles continued to respond to the satellite conditions.
As mentioned before, when the substorm subsided to the intermediate 4 keV electron temperature condition, all discharge activity ceased. In the second peak intensity, with its correspondingly high particle density (5 cm~-), discharge activity returned within 200 seconds. Within the 1800 second duration of this second peak intensity phase of the substorm, there were four major discharges on the satellite and four separate occurrences of discharges in the shaded thruster region. Hence, it appears that a double peaked substorm will produce significant discharge activity especially if the particle densities are relatively high. When the substorm subsided to the 3 keV electron temperature level, discharge activity again subsided and the surface voltages were slowly reduced as shown.
The discharge characteristics observed here again are similar to those seen in laboratory experiments: the rate of discharges seems to be more dependent upon the incident current density than to the electron temperature.21 When the spacecraft ground potential becomes much more negative (when the major discharges occur), then the Teflon surface voltage also is driven more negative as observed in studies on charging rates. 22 
Discussion
The results of this study indicates that the time variations and particle densities in substorms are important in determining whether discharges will occur on spacecraft. An encounter with a very intense substorm that has a very low particle density (X0. 1 cm-3) or lasts for a short period of time ((15 min) would not necessarily produce discharges. Conversely, a moderate substorm could cause discharges if the particle densities were high and the substorm duration long.
The observations of the discharges that occurred in the shaded Teflon indicate that the electron temperature has to be about 6 keV for discharges to occur.
Furthermore, it appears that there is a consistent relationship between an electron incident energy density and breakdowns. If the electron temperature, Ee, and the electron density, ne, is converted to an incident electron current density (ie) by the relationship: je = 2.7x10-2 nE amp s/cm2 and this, in turn, multiplied by the temperature and time (in seconds) to obtain the energy density (r): £ = Eeiet joules/cm2, then, the incident energy density to obtain the first discharge is about 1.2 mjoules/cm2 and the subsequent discharges occur when the energy density is about 1 mjoule/cm2. Major discharges seem to occur when this energy density is about 2 mjoule/cm2, but also has an, as yet undetermined, relationship to electron temperature and prior charging history.
It must be stressed that the numbers obtained for incident energy density apply only to this satellite and to the breakdown criteria used (X\105 V/cm and 67% of charged transferred). If different criteria were used, the number would change, but the concept of relating discharges to incident energy would still hold.
This points out the importance of developing a design guideline, timevarying, geomagnetic substorm to be used to determine if future satellite designs would be susceptible to discharges. In addition the design guideline substorm would be useful in developing the absolute discharge criteria.
Concluding Remarks
The NASCAP computer code has been utilized to study the behavior of a typical geosynchronous, 3- 
